We study the formation of radially aligned condensations and tails through the compression of material inside ionization shadows at early ionization phases of planetary nebulae. A dense clump, formed before ionization starts, forms an ionization shadow behind it. The surroundings, which are ionized before the shadow, have a higher temperature, and as a result compress the material in the shadow, forming a compressed tail. If the compressed tail crosses a dense shell, a dense condensation (clump) is formed there. At later stages this condensation is ionized and observed as a bright knot, radially aligned with the inner clump. We find that for the shadow to be effective, the clump should be already present as the ionization by the central star starts, and its density enhancement should be by a factor of տ 5. We propose this mechanism as an explanation for the radially aligned condensations recently found in the planetary nebula IC 4593.
I N T R O D U C T I O N
In recent years small-scale structures (microstructures) in planetary nebulae (PNe) have become the subject of intensive research. These microstructures include jets and FLIERS (or ansae), which are small, dense regions coming in opposite pairs and moving radially at supersonic velocities (e.g. Balick, Preston & Icke 1987; Balick et al. 1994; Corradi et al. 1996; Dopita 1997) , and other types of clumps, blobs and filaments (e.g. Meaburn et al. 1996; O'Dell & Handron 1996; Hajian et al. 1997) . It also has become clear that the development of the ionization front has a substantial influence on the structure of the PN, both on a global scale (Mellema 1994; Mellema & Frank 1995; Chevalier 1997; Schönberner et al. 1998 ) and on a small scale, for example by causing instabilities (Breitschwerdt & Kahn 1990) .
In a recent paper Corradi et al. (1997, hereafter CGMM) present high-quality observations of the PN IC 4593. IC 4593 itself is a very interesting PN, which has been suggested to interact with the ISM (Zucker & Soker 1993 ; but see Bohigas & Olguin 1996) , and to have a wide binary companion (Soker 1997) . It has two ansae on the symmetry axis, but not at the same distance from the central star, probably because of the interaction with the ISM. Balick (1987) already noted that in addition to the two ansae there is a condensation inside the nebula. Zucker & Soker termed it a 'blob', and Soker (1996) suggests that the 'blob' might, under favourable physical parameters, be a stellar bubble blown by a red giant very wide companion (not to be confused with a wide companion that might have caused the deviation from axisymmetry in the inner region; Soker 1997) . In their high-quality observations, CGMM find more features like the 'blob', which seems, therefore, to be the largest among this class of clumps. This makes the explanation of Soker (1996) less likely. One of the puzzling features found by CGMM in IC 4593 is the existence of pairs of clumps which are almost radially aligned on the same side of the central star, with a possible tail between them. They marked the outer condensations of the inner B, C, and E knots (clumps) as B 0 , C 0 , and E 0 respectively. CGMM write: 'It is in fact unlikely that the B 0 , C 0 , and E 0 are just ionization 'shadows' of the knots, since they are enhanced in all the narrowband images. They have to be real density enhancement in the boundary of the shell.' Another argument against the ionization shadow operating at present is the slight deviations from radial alignment of knots C 0 and E 0 . We return to this point in Section 4. However, the outer condensation could have been formed by an ionization shadow at earlier stages, as we propose in the present paper.
In a recent thorough and elegant study, Mellema et al. (1998; earlier studies are Bertoldi 1989 , Bertoldi & McKee 1990 and Lefloch & Lazareff 1994 examine the interaction of the ionization front with a dense clump. They show that the clump is photoionized, that a shock starts propagating into the clump, and that the clump is accelerated. They also find that an ionization shadow is developed behind the clump, where the temperature is lower and, because of compression by the hot surroundings, the density is higher. The formation of a dense tail by compression of a cool region in the ionization shadow was suggested by Burkert & O'Dell (1996) to account for the structure of the cometary knots in the Helix nebula. In the present study we examine whether an ionization shadow at early stages can explain the radially aligned clumps of IC 4593 and other PNe (e.g., NGC 7354; see the image by Hajian et al. 1997) . To show the feasibility of the model and to present simple analytical solutions for general cases, we simplify the ionization flux from the central star, the structure of the initial density profile, and simplify the equations (Section 2). A detailed study of the development of the ionization front and the evaporation of the clump (Bertoldi 1989; Bertoldi & McKee 1990; Lefloch & Lazareff 1994; Mellema et al. 1998) is not required in the present paper. Such a detailed numerical study is the subject of a future paper. In Section 3 we present the solution of the equations for several cases. We summarize in Section 4.
M O D E L A N D E Q UAT I O N S
To obtain a manageable expression for the time evolution of the ionizing radiation, we use Fig. 1 of Breitschwerdt & Kahn (1990) , who compile the ionization flux of a 0:6 M ᭪ PN central star from Schönberner (1981) and Clegg & Middlemass (1987) . We approximate their Fig. 1 for the ionizing photon flux bẏ
where the value of L is given by the second equality. The time is set to zero at 600 yr from the end of the superwind. Marten & Schönberner (1991) displaced the time-scale, but this has no effect on the present calculations. This expression is integrated to obtain the total number of ionizing photons as a function of time:
The simple density stratification of the nebula is taken as follows. The clump has a cylinderical shape with equal length and diameter l 0 , and it is located between a distance r c and r c þ l 0 from the central star, where l 0 p r c . Its initial density is hr c , where r c is the environment density at r c . Inward and outward to r c the density profile is identical along a radial direction through the clump and along radial directions in the surroundings not crossing the clump. In the sphere r < r c the mass per unit solid angle is M in =4, and it must be very small, as we show later. At r > r c the density profile is (beside inside the clump)
Based on the density profile of IC 4593 as deconvolved by Zucker & Soker (1993) , we take in the present study r c ¼ 5 × 10 ¹21 g cm
¹3
and r c ¼ 10 17 cm. This gives a total mass of ϳ0:3 M ᭪ inward to r ¼ 10 18 cm; the exact mass depends on the inner radius of the mass distribution.
The location of the ionization front inside the clump is given by the usual equation balancing ionizing flux with recombination and new ionizations. Using the density profile of equation (3), our simplified equation can be written aṡ
where l is the distance from r c , a is the recombination rate, n is the atomic number density in the neutral medium, and ðn e Þ c and ðn i Þ c are the electron and ion density after ionization at r c . The density inside the clump changes with time. It starts with a density enhancement h, then it is compressed by a shock formed by the ionization process in the clump (Mellema et al. 1998 ) and, in its outer regions, by the surroundings which are ionized first. After ionization the clump expands (e.g. Bertoldi 1989; Mellema et al. 1998) . For example, material expanding toward the central star reduces the ionizing flux at the ionization front. An analytical solution of this process is possible when the ionization flux is constant. However, here we deal with a flux increasing with time. To facilitate a simple analytical solution, we deal with this expansion by the parameter of effective density reduction b < 1. For low density enhancement h, the ionization front proceeds rapidly, and the clump does not have time to expand much; hence b is close to 1. High density enhancement results in a slowly moving ionization front, and the clump has time to expand; hence b p 1. A full numerical code should be used to follow the density profile inside the clump under different conditions. Because of the low ionizing photon flux at the early PN phase considered here, and the higher density of the clump, the ionization front is of type D. This was shown to be the case by a numerical calculation for similar conditions by Mellema et al. (1998 , at a distance of 10 18 cm from the central star, which was taken to have an effective temperature 50000 K. The typical ionizing photon flux in the present calculations, which is changing with time, is about 4 times higher than in the Mellema et al. calculation, and the clump density here is several times higher. Not surprisingly, the ionization time of the clump that is found here (see below) is similar to the time, 250 yr, the ionization front crosses the same distance, of 10 16 cm, in the calculation of Mellema et al. Because of the compression by the D-type ionization front (e.g. Mellema et al. 1998) , it is possible that the effective value of b is larger than the value assumed here, b ¼ 0:5. This will make the proposed model even more efficient.
We define the following time-scales of the problem:
and
Using equations (5) and (6), we can write equation (4) as
The solution of this equation is l r c ¼ Ce
When setting h ¼ b ¼ 1, the last two equations describe the evolution of the ionization front along directions outside the clump. In treating the ionization behind the clump we neglect recombination for the following reasons. (a) The ionizing flux increases rapidly with time (equation 1) and therefore recombination becomes less important, at least at early times before much of the nebula is ionized. (b) Other processes having similar or larger effects are not considered in the present analytical study. These include the compression of the tail, which determines the density distribution inside it, the recombination of the surrounding ionized gas which compresses the tail and enters the shadow, and instabilities developed during the compression of the tail. The instabilities, or initial deviation from axisymmetry, may cause the tail to be displaced from the shadow in a time comparable with the compression time itself. (c) Recombination will slow the propagation of the ionization front in the tail relative to the surroundings. This will make the proposed scenario even more likely. Neglecting recombination therefore serves the purpose of the present paper, which is to propose and demonstrate the feasibility of the scenario in a simple and transparent manner. The location of the ionization front, r ic , behind the clump at time t ic , is given by
where mm H is the atomic weight of the neutral envelope, m ¼ 1:3, and t c is the time the ionization front exits the clump. h t is the enhancement of the density in the ionization shadow behind the clump, the tail, formed by compression (see below). By substituting for N * from equation (2) we can find the time of ionization at radius r ic . Along a direction outside the clump the relation between the ionization front, r ie , and time of ionization, t ie , is given by the last equation when h t ¼ 1, and replacing t c by the time the ionization front outside the clump reached the radius r c þ l 0 . During the time period when the tail behind the clump is still neutral but its surroundings are already ionized, it will be compressed. The neutral tail is at a low temperature, ϳ100 K, and its number density is ϳr=1:3m H . The ionized surroundings are at ϳ10 4 K, with a number density of ϳr=0:62m H . Therefore the pressure of the surroundings is ϳ100 times that in the tail. A compression shock is driven into the tail by the large pressure of the surroundings (Landau & Lifshitz 1986, Section 92) . Using the large pressure ratio and taking the temperature of the ionized surroundings to be 10 4 K, the velocity of the shock can be expressed as
where g is the adiabatic index in the neutral compressed medium, r 2 is the density of the ionized surroundings, and r 1 is the density of neutral gas before compression. For the tail r 1 ¼ r 2 , while for the clump r 2 =r 1 ¼ 1=h. We assume that effective compression in the tail occurs if the time difference between the ionization of the surroundings and the ionization of the tail, at a specific distance from the star r, is longer, or only slightly shorter, than the shock crossing time of the shadow's radius d t =2,
The tail diameter d t ðrÞ is scaled to its value just behind the clump, but it will increase at larger radii. At early stages, before it is ionized, the clump itself will be compressed by the ionized surroundings, mainly on its sides. We ignore this compression, since it proceeds much more slowly owing to the condensation's higher density. After compression, the ionized medium just adjacent to the compressed tail will enter the ionization shadow, and due to recombination its ionization fraction will drop, reducing its temperature and increasing its density. The recombination time is given by t rec ¼ 30 r c 5 × 10 ¹21 g cm ¹3 ¹ 1 r 10 17 cm 2 yr:
Close to the clump at r ϳ 10 17 cm the recombination proceeds fast enough to allow the ionized material to cool and be compressed, if shock compression is effective. At larger radii, r տ 10 18 cm (the exact radius depends on the behaviour of the tail width d t ; see next section), the recombination time is longer than the compression time, and the ionized environment has no time to recombined as it enters the shadow.
E VO L U T I O N O F T H E C O M P R E S S E D TA I L
To obtain solutions for several cases, we use the numerical values from equations (5) and (6) 
The constant C is determined by the condition that l ¼ 0 at time t s , when the ionization front reaches the radius r c . We consider also the possibility that the ionization of the clump starts at time t s . Such a time delay can be caused by a small amount of mass interior to r c , distributed spherically symmetric, and occupies a compressed shell. After being ionized it expands, and recombination in this expanded low-density shell can be neglected. A time delay can result also from the formation of the clump from instabilities caused by the ionizing radiation itself (Breitschwerdt & Kahn 1990) . The time the ionization front reaches l ¼ l 0 in the clump is marked t c , while the time it reaches the radius r c þ l 0 outside the clump is marked t e . To find whether compression is effective just behind the clump, we compare the time difference Dt c ¼ t c ¹ t e with the compression time given by equation (11). In all the calculations below we take the clump initial diameter and length to be l 0 ¼ 10 16 cm. In Fig. 1 we plot the time difference Dt c as a function of the effective density enhancement hb for t s ¼ 0, 115, and 160 yr, as marked on the graph. We take b ¼ 0:5 in these calculations. For a large value of hb, the second term on the right-hand side of equation (13) dominates, and t c ϰ ðhbÞ 2 . Since t c q t e , it turns out that Dt c ϰ ðhbÞ 2 , as well. From the value of the compression time t s as given in equation (11) equation (9), is plotted as a function of the radius, for three values of the density enhancement: h t ¼ 1, 2 and 4, where h t is the density enhancement in the tail due to the compression. The calculations start at r ¼ r c þ l 0 ¼ 1:1 × 10 17 cm, and the initial conditions are for the case t s ¼ 0:0, hb ¼ 2:4, b ¼ 0:5 in Fig. 2(a) , and t s ¼ 115 yr, hb ¼ 4, b ¼ 0:5 in Fig. 2(b) . The other parameters (i.e., r c , r c , l 0 , ionization flux) are as for equation (13).
If the compression of the tail is not considered, i.e., h t ¼ 1, then DtðrÞ decreases and compression at larger radii is inhibited. For h t Ӎ 2 the time difference does not change much as the radius increases, and the compression can proceed for the same distance d t =2 at all radii (equation 11). However, the ionization source (the central star) is a point source, and therefore the ionization shadow has a conical shape, with its width increasing as r. It turns out that without large compression the ionization shadow will disappear a short distance behind the clump.
When compression is effective, the expected density enhancement is equal to, or somewhat lower than, the ratio of the temperature of the ionized surroundings to that of the compressed tail. After compression the tail is heated to ϳ1000 K, and we expect, therefore, that h t ϳ 5. In both Figs 2(a) and (b), the time difference for h t ¼ 4 increases as a function of radius, though less steeply than the radius. This means that a compressed tail will form with increasing width, although its opening angle d t =r decreases with radius. The exact extension of the tail depends also on the recombination of the ionized surroundings material as it enters the shadow (equation 12). Close to the clump the recombination time is shorter than the compression time, but it becomes longer at larger radii. Recombination within the tail, which was neglected here, will further increase the time difference, and make compression more effective. This is more significant at early stages of the central star evolution, as is the case presented in Fig 2(a) , where the ionization of the entire clump occurs at the age of 176 yr, as opposed to the case of Fig. 2(b) , where ionization of the entire clump occurs at the age of 432 yr. Both compression and recombination will have to be studied in detail using a radiation-hydrodynamics two-dimensional numerical code.
SUMMARY
Our goal was to propose a model to explain the radially aligned clumps in the PN IC 4593. For that we conducted a simple study, and demonstrated how a clump with enhanced density can form an ionization shadow, which can turn into a compressed tail. If there is an outer shell, the shadowed region of the shell will be denser than the tail and the rest of the shell, and therefore will appear as another condensation, radially aligned with the inner condensation. In IC 4593 all the secondary (outer) condensations are located on an outer shell (CGMM). For the shadow to be effective, the clump (condensation) should be present at a very short time (t s Շ 100 yr) after ionization starts, and its density enhancement should be տ5. Therefore such a clump cannot be formed by instabilities which result from ionization fronts and require some time to develop (e.g. Breitschwerdt & Kahn 1990 ), but must be formed from the massloss process itself, or from instabilities at the protoPN stage. Such instabilities can occur in the interaction process of the fast and slow winds at early stages (e.g. Dwarkadas & Balick 1998 ). Dwarkadas & Balick conduct two-dimensional simulations of winds interaction, taking into account the evolution of the fast wind, and find that the interaction process is prone to instabilities, which may form clumps at early stages.
The shadow studied in the present paper does not exist after the tail is completely ionized. CGMM argue against a present ionization shadow explanation for the pair of radial condensations in IC 4593, '. . . since they are enhanced in all the narrowband images', and argue that 'They have to be real density enhancement in the boundary of the shell.' This argument does not hold against an ionization shadow at much earlier stages. Another argument against a present shadow is the slight deviation for an exact radial alignment: the outer condensations E 0 and C 0 are bent away from the north-west direction. North-west is the presumed direction of motion of IC 4593 through the ISM (Zucker & Soker 1993) . The misalignment, we suggest, results from the higher pressure in the north-west direction, resulting from the interaction with the ISM.
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